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The ecological adaptations made by the Ogasawara Greenfinch Carduelis sinica kittlitzi on the Ogasawara Islands, and its present situation, were studied during the periods 24-31 December 1995 and 4-10 April 1996. Their main breeding area was the small islands around Hahajima, and their distribution was closely related to the distribution of arid shrubs. They were mainly observed in an environment of arid shrubs. Feeding behaviours in breeding season were most frequently observed on the ground, amongst arid shrubs. Nests were found in trees, in arid shrubs, and in adjacent groves. Mean clutch size was 3.5, a size smaller than that of other popultations of the Japanese Greenfinch C. sinica minor. Mean egg size, however, was larger than that of other populations.
Food items in breeding season were mainly the seeds of arid shrubs, as opposed to the seeds of grasses with other populations of Japanese Greenfinches.
In spite of its small body size, the Ogasawara Greenfinches has a large bill and a longer tarsus length, given the geographic latitude at which they live. From these facts, it was concluded that Ogasawara Greenfinches have adapted to the arid shrub on the Ogasawara Islands: their large bill and long tarsus length constitute adaptations to the need to forage for seeds among the arid shrubs; their small body size and small clutch size are adaptations to subtropical climate; and their movement after breeding season to the main island of Hahajima is a moult migration closely related to the shortage of food and water during the summer season. Oriental Greenfinches Carduelis sinica are distributed throughout the Eastern Palearctic, Amurland, Ussuriland, Sakhalin, and Kamchatka, southward through Manchuria, Korea and the Kurile Islands to south China and Japan. Either 7 (Kiyosu 1965) or 6 subspecies (Ornithological Society of Japan 1974) have been recognized. The Ogasawara Greenfinch C. s. kittlitzi is one of the subspecies and occurs only on the Ogasawara (Bonin) Islands and Iwo Islands off southeastern Japan. By the end of the 1920's, this subspeciers had been extremely reduced in number (Momiyama 1930) . After the 1970's there are no authentic observations of this subspecies on the Mukojima Islands, the Chichijima Islands (Higuchi et al. 1980 , Higuchi 1984 , Higuchi & Hanawa 1988 , Chiba & Funazu 1991 . Recent sightings have occurred only on the Hahajima Islands (Higuchi et al. 1980 , Higuchi & Hanawa 1988 , Suzuki & Kobayashi 1990 , Chiba & Funazu 1991 , Suzuki 1991 , 1994 ) and on Minami-iwo Island (Tukamoto 1983) . In 1991, this subspecies was designated as most likely extinct by the Environmental Agency.
Some observation records on this sub-species do exist, but most of them are observations made during the study of bird fauna. There are no record of nest findings on this sub-species. Although a study of the Ogasawara Greenfinch by Suzuki (1991) was published, a comprehensive examination of this sub-species has not yet been reported. This study was conducted in order to clarify their present state on the Ogasawara Islands and to identify their ecological adaptations on these islands. In this paper, I present data bearing their distribution on the Hahajima Islands, breeding habitat, feeding habits, food resources, and morphological characteristics.
I then discuss their apparent adaptations to the environmental conditions on the Ogasawara Islands.
STUDY

AREAS AND METHODS
The Ogasawara Islands are located in the Pacific Ocean about 1,000 km southeast of Honshu, and consist of the Mukojima, Chichijima, and Hahajima Islands ( Fig. 1 ). During the periods from 24 to 31 December in 1995 and from 4 to 10 April in 1996, field studies were conducted on the Hahajima Islands consisting of the main Hahajima (2,080 ha) and the small surrounding islands of The main Mukojima, Hirashima, Anejima, Imotojima, and Meijima (Fig. 2 ). Most of Hahajima is covered with primary and secondary subtropical forests. About 400 people live at Oki-village, which is surrounded by cultivated land. All of the Ogasawara Greenfinches were searched for on foot. During the study, taped contact calls of the Japanese Greenfinch were played backed often. In April 1996 nests were searched for in areas where breeding activities (e.g., singing, courtship feeding) were observed. An intensive study area (100 m * 150 m) was established in Anejima and the nests were examined thoroughly. Observations of feeding and breeding behaviours were carried out mainly on Anejima, Imotojima and Mukojima. Mist nets were set in the intensive study area and adult birds were captured. All captured birds were weighed and their wing, tail, tarsus and culmen lengths were measured. Food samples were collected from the crop of captured birds by pressing out the contents.
RESULTS
1) Distribution of Ogasawara Greenfinches on the Hahajima Islands
During 29.0 hours observations in December 1995 and 14.3 hours observations in April 1996, no Ogasawara Greenfinches were seen on the main island of Hahajima. Members of this sub-species were observed only on the small islands around Hahajima (Fig. 3 ). In December, three birds were observed on Meijima and one bird on Mukojima, but no bird were seen on either Hirashima or Anejima. Even though it was the season after post-juvenile moult, two of the three birds on Meijima still had complete juvenile plumage. Observations during breeding season (April) were carried out on Anejima, Imotojima, and Mukojima, and a total of 28, 31, and 14 birds, respectively, were observed by line census. The songs of males were often heard, and flocks consisting of as many as 10 birds were seen. Most of the birds were observed amongst arid shrubs (evergreen trees of less than 2 m in height) which grew on hillsides and open ridges. No birds were observed in the dense forests.
2) Nest Site Three nests were found at the intensive study area on Anejima (Fig. 4 , see the photos in frontispiece). Two of these (Nests 1 & 2) were in an early stage of incubation and the other (Nest 3) was before egg laying. All three were located in groves of beef wood Casuarina equisetifolia trees surrounded by arid bushes (Table  1 ). In addition to these, six old nests from the previous year were found on Imoutojima and Mukojima ( Table 1) . Five of nine nests were in the C. equisetifolia groves surrounded by arid shrubs. The other four nests were found amongst the evergreen trees in the arid shrubs.
The heights of the nests ranged from 2.7 to 9.0 m. excluded, the range was reduced to 2.7 to 3.2 m. All the previous year's nests were collected to examine nest materials.
Veins of decayed leaves of Pandanus boninensis were used in large quantities in all the nests.
3) Clutch Size and Breeding Season
The first nest with 4 eggs (Nest 1) was found on 5 April. On 7 April, the second nest with 3 eggs (Nest 2) was discovered. Both of these nests were in an early stage of incubation, because the eggs were rather transparent and the number of eggs did not increase during the period of observation. On 7 April, the third nest (Nest 3) was found in a stage of nest completion, but no egg was laid until 10 April.
On 7 and 10 April, a total of 18 (12 males and 6 females) were captured by mist nets. Females of Japanese Greenfinch have an incubation patch during the egglaying and incubation stages (Nakamura 1980) . Four of the six captured females on Anejima had an incubation patch. It was deduced, therefore, that some of the females had not yet started to lay eggs in early April.
The breeding ecology of the Japanese Greenfinch has been studyed at Ueda, Nagano Prefecture (Haneda & Nakamura 1970 , Nakamura 1980 and Fushimiku in Kyoto City (Nakamura 1991) . Clutch-size data reproted in these studies and in a study conducted at Koshimizu in Hokkaido (H. Nakamura unpublish data) are included in Table 2 with the data collected on Anejima during the present study. The clutch size for each region was calculated from nests laid in the early breeding season, because the clutch size of Japanese Greenfinch decreases as the breeding season progresses (Nakamura 1980) . The clutch size of the Japanese Greenfinch also has a latitude-dependent variation, i. e. the most northerly population (in this case Koshimizu, Hokkaido) has a largest clutch size (mean 4.66 * 0.18 eggs), and the size become smaller amongst the southern populations. The small number of nest found on Anejima does not permit an adequate comparison with nest data from the other areas; however, because clutch size tends to decrease in a southerly direction, it seems reasonable to conclude that the average clutch size on this island might be smaller than that of Japanese Greenfinches in more northerly areas in Table 2 . 
4) Size and Weight of Eggs
A total of seven eggs of Ogasawara Greenfinches laid in two nests (Nest 1 and 2) were measured and their size were compared with those for Japanese Greenfinches (Table 3 ). The mean eggs weight of the former (1.993 * 0.117 g) was significantly heavier than that of the latter (1.808 * 0.160 g, see Table 3 ). Significant differences were observed in the length and width of the eggs, but were not similarly observed for egg shape (length / width). 
5) Feeding Behaviour and Food Items
Feeding behaviours of the Ogasawara Greenfinch, was studied mainly in the intensive study area on Anejima and Imotojima. Total times of observation was 4.3 hours and 2.5 hours, respectively. Feeding were observed mainly on the ground below arid shrubs (76 of a total 86 observations, 88.4 %). Some left-over seeds and shells were collected from the ground where the feedings were observed. Three birds were observed feeding on Casuarina equisetifolia tree seeds on Anejima. Feedings on the ground of C. equisetifolia groves were also recorded in the intensive study area. On Imotojima, Ogasawara Greenfinches were seen feeding on aphides on a Leucaena leucocephala shrub.
Crop contents were collected from four captured birds (three males and one female). All crop content consisted of tree seeds, and all the seeds were without shells. A majority of them (38 of 41, 93%) were Wikstroemia pseudorefusa seeds. The mean dry weight of these seeds was 0.012 * 0.001 g (n=38). The remaining three seeds were C. equisetifolia (0.003 g, n=1) and unkonwn (0.019 and 0.023 g, n=2).
W. pseudorefusa seeds ripen in December, then they fall to the ground. A total of 25 W. pseudorefusa seeds were collected from the ground. These seeds have a circular cone shape. The mean live weight of the seeds was 0.014 * 0.001 g. The mean length and mean width were 4.88 * 0.08 mm and 2.86 * 0.05 mm, respectively.
6) Distribution of Arid Shrubs on the Hahajima Islands
The W. pseudorefusa is one of the most dominant shrub of Wikstroemio-Pouterietum dubiae association in the Ogasawara Islands (Toyoda 1981 , Okutomi 1983 . This association of plants is the natural vegetation, and it constitutes the arid shrub that is observed on ridges and mid-slopes (Toyoda 1981 , Okutomi 1983 ). The size of arid shrubs (Wikstroemio-Pouterietum dubiae association) on Hahajima and Mukojima was estimated from Toyoda's vegetation map. Table 4 lists the size of the island in the Hahajima Islands with an estimation of each island that is covered by arid shrub. Since no vegetation maps existed for Hiroshima, Anejima, Imotojima, or Meijima, area estimates of the Wikstroemio-Pouterietum dubiae association were constructed following Toyoda (1981) , using aerial photographs and environmental pictures taken during this study.
Hahajima is the largest island, but the arid shrubs cover an area of only 27.3 ha (1.3 % of the total area) and are observed only at the southern part of the island. Arid shrubs are also rear (3.2 %) on Hirashima. Except for Hirashima, the other four islands around Hahajima are widely covered (42.3 -83.0 % of their areas) by arid shrubs. The total area of the Hahajima Islands is 326.7 ha, and most of the arid shrubs (91.6 %) exist on the small islands around Hahajima.
7) Size of the Ogasawara Greenfinches
Twelve males and six females caputured during the breeding season were measured for body size and weight. The average length of wing, tail, tarsus, and culmen was discovered to be a little longer in males than in females (Table 5) . Statistically significant differences existed only in weight, with the mean weight of the females being greater than the mean for the males (p < 0.05). Among the females, however, some individuals were thought to be in an egg-laying stage. It Adaptations of the Oriental Greenfinch on Ogasawara Islands 103 is known that in both body size and weight male Japanese Greenfinches are larger than female, except during the early breeding season when the weight of females is greater than that of males (Nakamura 1979b) . It is therebefore expected that the mean weight of females is probably lighter than that of the males in Ogasawara Greenfinches. Fig. 5 shows body size and weight of male Japanese Greenfinches at diffferent localities. Except for the males caputured in January at Higashikushira, in Kagoshima Prefecture, all males in the other regions were captured during the breeding season. Japanese
Greenfinches have latitude-dependent variations in weight, wing length, and tail length. Ogasawara Greenfinches, inhabiting the southernmost region (26*35' N) listed in the figure, is the smallest in weitht and wing and tail lengths. The mean weight of the birds captured in Kagoshima appears to be somewhat heavy for its latitude (31*24' N). The weight of Japanese Greenfinches has a seasonal change, being heaviest in winter (Nakamura 1979b ). Therefore the weight of these birds in Kagoshima may well be somewhat lighter in the breeding season.
In contrast with these comparisons, the culmen of Japanese Greenfinches is extremely long for its geographical latitude. On the other hand, when Ogasawara Greenfinches are excluded, the culmen lengths of the other four populations show a clear lineal correspondence with latitude (r = 0.92, p < 0.05). Thus, despite its small body size, the Ogasawara Greenfinch has a long culmen (mean = 11.92 * 0.35 mm ) which is equal to the Japanese Greenfinches in Hokkaido (mean = 11.62 * 0.29 mm). Furthermore, the culmen length of the Ogasawara Greenfinches was significantly longer than that of Japanese Greenfinches in both Kagoshima (p< 0.01) and Kyoto (p < 0.05).
Aspects of bill size for Ogasawara Greenfinches on Hahajima
Island and Japanese Greenfinches in Higashikushira, Kagoshima, are presented in Table 6 . In both males and females, not only culmen length, but also other bill parts of Ogasawara Greenfinches were larger than that of Japanese Greenfinches. Statistically significant difference (p < 0.05) were found for culmen length, bill depth, gape length, and bill thickness, for both males and females. This finding suggests that Ogasawara Greenfinches has a large bill than that of Japanese Greenfinches, in spite of its smaller body size.
A similar trend was also found in tarsus length. The tarsus of Ogasawara Greenfinches is longer than one would expect, based on the geographical latitude of its habitat. The mean tarsus length is significantly greater (p < 0.05) than the mean tarsus length of Japanese Greenfinches in Kagoshima. 
1) Adaptation to the Arid Shrub on Ogasawara Islands
During the study period in December and April, Ogasawara Greenfinches were observed only on the small islands ( Fig. 3) , but never on the main island Hahajima. These observations made it clear that the small islands surrounding Hahajima are the main breeding areas for Ogasawara Greenfinches, as anticipated by Suzuki (1994) .
Most Ogasawara Greenfinches were sighted amongst arid shrubs or their adjacent groves, and no birds were observed in dense forests more than 10 m in height. Feeding behaviour were observed mainly on the ground below arid shrubs. Samples collected from the crops of captured birds have shown that their main food in breeding season was W. pseudorefuse seeds which had been produced in the previous autumn and had dropped to the ground.
The distribuion of the Ogasawara Greenfinches (Fig. 3) was closely related to the distribution of arid shrubs (Table 3 ). This finding suggests that the main breeding habitat of this subspecies is amongst shrubs.
Both the breeding habitat and the feeding behavior of Ogasawara Greenfinches contrast in a striking way with those of Japanese Greenfinches breeding in Kyushu, Shikoku, Honshu, and Hokkaido. The nest sites of the Japanese Greenfinches are mainly garden trees in villages or parks in Nagano (Nakamura 1976) , foothill forests in Kyoto (Nakamura 1982 (Nakamura , 1991 , or pine forests along coast in Kagoshima (Nakamura 1979b) . In all these reigions, the nesting sites are either surrounded by cultivated lands or are along the coast in areas where abundant amounts of seeds Hiroshi NAKAMURA [Jpn. J. Ornithol. Vol.46 No.2 from weeds are produced in spring and early summer. Here, the food items it breeding season are mainly seeds of these weed grasses, for example, dandelions Taraxacum officinale, chickweed Stellaria media, groundsel Senecio vularis, and nipplewort Youngia japonica (Nakamura 1980) . The seeds of these grasses are far smaller than the W. pseudorefuse seeds collected from the captured Ogasawara Greenfinches. Gullet contents were collcted from a total of 241 Japanese Greenfinches by Uchida & Kuzu (1931) . According to their analysis, 98.17 % of the contents were seeds of plants and the rest were animal foods (mainly insects). While 6,419 of 6,927 seeds (92.7 %) were the seeds of grasses, the remainder (save for a total of 531 seeds of unknown species) were the seeds of trees. The rate of grasses was higher during the breeding season (April-July), and 99.5 % of a tatal of 2,344 seeds collected from 68 birds were seeds of grasses. This finding means that the seeds of various grasses are the main food of Japanese Greenfinches. This trend is similar to that discovered with the congeneric Europian Greenfich Carduelis chloris (Newton 1967) .
Cultivated open lands exist only around Oki-village on Hahajima, and there is a variety of seeds suitable as foods for Greenfinches. There are also many garden trees, groves, and forests which may be suitable for nesting.
Why Ogasawara Greenfinches do not breed around these cultivated open lands as do Japanese Greenfinches is still unclear and deserves further investigation. The origin of Ogasawara Greenfinches on the Ogasawara Islands is not known. However, it is possible that resident or migratory Greenfinches from the Izu Island strayed south to the Ogasawara Islands and were unable to return. Being forced to remain, they adapted to the environment of their new home.
The first human colonization of the Ogasawara Islands began about 160 years ago. As the human population increased, native subtropical forests and arid shrubs were cut, thereby increasing open habitats. With the increase of open habitats come an increase in suitable weed habitats. As a consequence of the increase in weed habitats, one might anticipate an increase in the number of Ogasawara Greenfinches. In reality, however, their population decreased with the increase of human population and open habitats. Therefore, one of the significant questions concerning Ogasawara Greenfinches is why their numbers have not increased with the increase of open habitat (Higuchi & Hanawa 1988) . One possible explanation is that prior to human colonization they had become completely dependent upon the arid shrubs of the islands for food, and when the arid shrubs began to decrease they could not modify their feeding habits (that is, return to a diet primarily of weed and grass seeds), with the resultant decrease in their population.
The findings of this study revealed that Ogasawara Greenfinches have a bill much larger than that of other subspecies, in spite of its small body size (Fig. 5 , Tables 5 & 6 ). The reason for this may be closely related to the fact that their main food is the seeds of trees. Most of the seeds collected from captured birds were W. pseudorefusa, and these seeds are far larger than the seeds of grasses. It is likely, therefore, that Ogasawara Greenfinches developed the large bill as an adaptaion to the need to forag on the bigger seeds of arid shrubs. Irrespective of its small body size, the tarsus length of Ogasawara Greenfinches is also somewhat longer than that of the C. s. minor in Hokkaido (Fig. 5) . The reason for this may also be related to the need to adapt for foraging among arid shrubs. It is well Adaptations of the Oriental Greenfinch on Ogasawara Islands 107 known that species that live in bushes have a tendency to possess longer tarsus lengths. It is likely that the first greenfinches which arrived on the Ogasawara Islands could not get enough seeds from the grasses, since almost all area of the islands were covered by native subtropical forests and arid shrubs. The shortage of grasses would have forced them to change their feeding habits, becoming a subspecies feeding on the seed of trees.
Ogasawara Greenfinches are only seed eater among the birds breeding in the the Ogasawara Islands (Chiba & Funazu 1991) . In the past, however, the Bonin Islands Grosbeak Chaunoproctus ferreorostris lived on the Ogasawara Islads (Orinthological Society of Japan 1974). According to the records of Kittlitz (1832), this extinct species lived in forests near the coast and was observed to peck seeds, berries, and buds. Bonin Islands Grosbeaks have far larger and more specialized bills (culmen length = 24-29 mm, according to Kiyosu 1965) . This species perhaps arrived earlier than Ogasawara Ggreenfinches and adapted to the mature forest on the Ogasawara Islands. It may be reasonable to conclude that the existence of this species forced Ogasawara Greenfinches to adapt to arid shrubs.
2) Adaptaion to a Sub-tropical Climate
Oriental Greenfinches have latitude-dependent variations in weight, wing length, and tail length (Fig. 5 ). This tendency is widely known as "Bergmann's rule" and is acknowledged to be an adaptation to climate. The southern end of the breeding range of this bird is Kyushu (31*00' N). The Ogasawara Islands is located farther south (20*25'N to 27*41'N) than Kyushu. When the ancestors of the Ogasawara Greenfinch arrived on the Ogasawara Islands, they were forced to adapt to a subtropical climate. Their small body size, except for their bill size and tarsus length, would be the result of their adaptation to the subtropical climate of their new home.
The Clutch-size of Japanese Greenfinches has latitude-dependent variations as well ( Table 2 ). The smaller clutch size of the Ogasawara Greenfinch may also be an adaptation to the subtropical climate. The mean size of the seven eggs of this subspecies, however, was larger than that of the mean egg size of Japanese Greenfinches, a northern subspecies (Table 3) . This larger sized egg may indeed be an adaptation to compensate for an adversity in feeding conditions.
It is known that in juveniles Japanese Greenfinches post juvenile moult is stoped when food conditions are deteriorated (Nakamura 1979a) . But all juveniles change into the adult plumage by autumn and no young birds with juvenile plumage are seen after the moult season. However, two of the three Ogasawara Greenfinches observed on Meijima in December still possessed a complete juvenile plumage. Moreover, in an earlier study by Suzuki (1994) , young birds with juvenile plumage had been observed as late as March on Imotojima. The existence of young with juvenile plumage even beyond moult season may indicate the possibility that some juveniles on the Ogasawara Islands can not moult because food shortage is a critical factor.
3) Summer movement and Moult
Ogasawara Greenfinches were not observed on Hahajima both in December and April. But this does not necessarily mean that no finches were present during these periods or at other time throughout the year. in fact, near Oki-village about 140 adult and juvenile birds were observed from late May to early June in 1990 (Suzuki & Kobayashi 1990) . and about 120 birds were observed in August (K. Kobayashi pers. comm.). A total of 82 birds were banded in the same area between May and July during the years 1992 to 1994 (Shigeta et al. 1994) . T. Hayakawa, who is a resident of Oki-village, kept a records of finch observations at Hyougidaira from May to September in 1995. He observed no Ogasawara Greenfinches from October to May 1996 (T. Hayakawa pers. comm.).
The flock formation of the Ogasawara Greenfinches in summer and autumn has been known for a long time. Toyoshima (1914) , for example, noted that they were rare in both Hahajima and Chichijima in breeding season, but large flocks of hundreds birds were observed in these islands in August and September.
The possibility of seasonal movements of Ogasawara Greenfiches between Hahajima and its surrounding islands was pointed out by Suzuki (1994) . The movement was confirmed by the fact that one of 18 birds marked in April on Anejima during this study was observed at Oki-village on 13 June by K. Kawakami.
Why do Ogasawara Greenfinches move into Hahajima after the breeding season? A similar movement during summer was observed for Japanese Greenfinches in Nagano Prefecture (Nakamura 1969 (Nakamura , 1980 and Kyoto City (Nakamura 1979a) . During the summer moulting season, no birds have been observed in their breeding area, They concentrate in moulting areas where abundant food is available and where safty sites for resting and roosting are immediately at hand (Nakamura 1979a) .
Ogasawara Greenfinches concentrated at Hyougidaira in summer often crowd themselves into the areas where Sorghum vulgaris seeds are abudant, and they spend the season in these restricted areas (Suzuki & Kobayashi 1990, T. Hayakawa pers. comm.) . In August, T. Hayakawa and Y. Hoshi took many photographs of Ogasawara Greenfinches at Hyougidaira. Most of the birds in these photos are seem to be moulting. It would appear, therefore, that their movement in summer is similar to that of the moult migration of Japanese Greenfinches.
Thus it may be reasonable to assume that conditions in the areas where Ogasawara Greenfinches breed would be worsen in summer. On the Ogasawara Island, the most important condition for them would be the availability of food and water. July and August are not only the most hottest months, but also the least rainfall season (Honma 1992) . Watering places on the small islands around Hahajim often dry up in the summer (Y. Hoshi, pers. comm.). While on Hahajima, however, water is available even during the dry summer, and Ogasawara Greenfinches often visit such watering places (T. Hayakawa pers. comm.).
Food condition may also be important in the explanation of their movement. Among a total of 106 native tree species on Hahajima Islands, 83 of them (78.3 %) bear fruit from September through to February (T. Tanimoto pers. comm.). It is during the summer season that seeds for Ogasawara Greenfinches are in shortest supply. Thus their summer movements after breeding season are presumably closely related to the shortage of food and water.
After moulting in September, however, the Ogasawara Greenfinches disappeared from the area even though there is still sufficient food (T. Hayakawa, pers. comm.). The reason of their retern in autumn may be related in the start of new
